Bridges are vital components of the transportation network and if they are destroyed or damaged during a flooding, they isolate communities and limits movement of supplies and emergency services. Evaluating their constructional stability and structural response after a flood event is critical for bridge safety. Bridge studies are usually designed with an assumption of an open channel flow condition, but the flow regime can switch to pressure flow if the downstream edge of a bridge deck is partially or totally submerged during a large flood.
Introduction
Pressurized flow conditions under a bridge structure can be initiated if the approach flow depth rises above the bridge deck. Unlike open channel flows, pressure-flows create a severe scourability potential because scouring the channel bed is one of the only ways to dissipate the energy when passing a given discharge in pressurized flow (Guo et al. 2009 ). Previous researches on pressurized flow scour are not too much and include the studies of Abed (1991) , Jones et al. (1993) , Arneson (1997) , Umbrell et al. (1998) , Lyn (2008) , Guo et al. (2009), Hahn and Lyn (2010) , Zhai (2010), and Melville (2014) . Based on the study of Arneson (1997) , an equation named HEC-18 states (1) where z s =depth of equilibrium or ultimate scour; h a =upstream flow depth; h b =initial (prior to scour) distance between the bridge low chord and the undisturbed bed at the bridge section; V b =initial (prior to scour) velocity through the bridge opening and V c =critical velocity of the bed material ( Figure 1 ). Arneson (1997) defined critical velocity V c associated with incipient sediment motion which is based on h a as (2) in which s=specific gravity of sediment material; g=acceleration due to gravity; and d 50 =median diameter of sediment particles. Umbrell et al. (1998) proposed the following equation to estimate pressure scour depth as (3) where V a =mean upstream approach flow velocity. According to Umbrell et al. (1998) , it should be noted that V c is calculated by Eqn.(2) using the constant of 1.58 rather than 1.52. Lyn (2008) re-examined HEC-18 and found to exhibit unsatisfactory behaviour due to an ill-chosen original model equations. He proposed a design equation based on a one-sided predictive interval as 
Theoretical Considerations
Non-dimensional equilibrium (or ultimate) pressure-scour depth under a bridge deck as given in Figure 1 can be expressed as a function of the following non-dimensional form of relevant parameters provided that clear-water conditions at the upstream of the bridge deck, single uniform sand size, and constant bridge length along the streamwise direction:
where, h a , V b , V c , h b , and L, are as previously defined and t is time. Herein, h b /h a is the submergence ratio of the bridge deck, V b t/L is the non-dimensional time parameter, and V b /V c is the flow intensity under the bridge deck.
In this study the non-dimensional parameter representing temporal scour development V b t/L is replaced with another non-dimensional time parameter of t/τ as given by Hahn and Lyn (2010) in which τ is a time-scale of scour development and will be defined in detail in the proceeding sections. Then, Equation (5) can be rearranged as:
Experimental Conditions
The experiments were performed at the Hydraulics Laboratory of State Hydraulic Works (DSI) of Turkey, Ankara. A rectangular flume with transparent walls, 30 m long and 1.5 m wide, was filled with erodible uniform sediment to conduct experiments (Figure 2 ). Sand was used as sediment material with median size of d 50 =0.90 mm and sediment uniformity coefficient of σ=1.29. The flume slope was 0.001 and a recessed section, 7 m long; containing sediment was located 13 m downstream of the flume inlet. The flume flow was supplied from a constant-head water tank and measured by a sharp-crested rectangular weir. The outflow was directed to the laboratory return channel, from where it was pumped to the water tank for re-supply. The flow depth was read with a conventional point gage, typically to ±0.5-1.0 mm, depending on the local water surface turbulence. The sand layer thickness was 0.50 m in the working reach and 0.10 m along the rest of the channel. At the end of the each test the channel was drained gradually without causing any disturbance to the scour pattern. After each experiment the extent of the scour hole was measured by a point gage along the centerline of the test channel. In unsteady flow conditions, the prescribed stepwise discharge hydrographs as given in Figure 3 were applied to maintain unsteady clear-water flow conditions in the test channel. The scour pattern, which developed in the test section, was obtained by performing eight hours continuous run under clear-water flow conditions. In each hydrograph, the peak discharge was set to 50 l/s while time to peak t p and step-size of hydrographs were varied.
Since previous studies showed that the recession limb of flood hydrograph plays a minor role in the scouring process, only the effect of the rising limb of a stepwise hydrograph is addressed in this study (Chang et al. 2004; Oliveto and Hager 2005; Lai et al. 2009; Hager and Unger 2010) . The experimental conditions used in the present study are given in Table 1 .
Analysis of Results

Steady flow
Temporal evolution of bed morphology
Pressurized scour mechanism starts when the vertical constriction of the flow area by the bridge deck with decreasing cross-sectional area and increasing the corresponding flow velocity through the opening. Any increase in flow velocity attributes additional shear stress on the channel bed causing an increase in bed scour in the area of contraction region. As bed material is transported out of the contraction region, the cross-sectional area increases so that the velocity decreases. Eventually, the flow velocity falls below the threshold velocity of the bed material and scour equilibrium is reached. In general, it can be said that the scour geometry is 2D and the shapes of the scour holes are almost identical as time elapses. It can be also observed that the scour hole develops rapidly from t=0 to 0.5 h, which means that the rate of change of scour depth is very high at the beginning of scour process. However, the change of scour depth is negligible after t=30 to 32 h which implies that an equilibrium scour hole is attained approximately at t=32 h. The position of the maximum scour depth is near to the downstream part of the bridge deck. Figure 4 indicates that the limit of scour hole develops between -0.5<x/L<1.5 for h b /h a ≈0.60. On the other hand, for h b /h a ≈0.40 as given in Figure 5 , limits of scour hole extends further downstream and develops approximately between 0<x/L<3.5. Similar scour profiles were obtained from Guo et al. (2009) for a girder type bridge deck model indicating that the scour occurred generally between -1.5<x/L<1.5. For both studies, i.e. the present study and Guo et al. (2009) , the occurrence of the maximum scour depths was observed under the bridge deck section (0≤x/L≤1) for all test durations studied. However, in the study of Hahn and Lyn (2010) Depositional patterns of the scoured sediment material propagating dune-like bed forms along the downstream direction were also measured in all tests. The sediments eroded from the scour hole were deposited and as a consequence the elevation of the channel bed increased. Similar to the scour profiles, 2D dune-like bed forms downstream of the bridge deck due to pressurized-scour process as a component of scour were observed along the depositional patters. In Figure 4 , the extent of deposition zone developed between 1.5<x/L<8.1 for h b /h a ≈0.60. As shown in Figure 5 , when the velocity under the bridge section increases, the deposition zone extends further downstream (i.e. 3.5<x/L<10.7) for h b /h a ≈0.40. The constant n s varies between 1.5 and 2.5 and can be selected as 2.5 in this study to obtain much likely time scale value, i.e. τ=4.57 h. The semi-log plot of nondimensional time scale t/τ versus (z m ) s /h s given in Figure 8 indicates that the maximum scour depth for a given time, (z m ) s , varies logarithmically with time over the range of durations studied as similar to the results obtained in Hahn and Lyn (2010) . Regression analysis of the data of the present study for non-dimensional scour depth (z m ) s /h s led to the following equation:
with a determination coefficient of R 2 =0.69.
The location of the maximum scour depth (x m ) s is almost constant and for V b /V c =1.07 and 1.18 it slightly varies around the value of (x m ) s /L≈0.2 as depicted from Figure 9 . Nevertheless, the location moves about 
with a relatively low determination coefficient of R 2 =0.42. 
Design equation for (z m ) s
Data used in the analysis of the maximum scour depth (z m ) s cover data obtained from this study together with the data published by Arneson (1997) and Umbrell et al. (1998) . 
Equation (10) is valid for the conditions under which the experiments were conducted in this study and earlier studies.
Unsteady flow
In this section, the unsteady flow (step-wise hydrographs) experimental results are discussed in details. The effect of time to peak (t p ) on scour and dune-like deposition under various hydrographs are investigated. In the unsteady flow experiments, general observations show that the scour and deposition profiles are self-similar.
Unsteady flow experiments characterized by the stepwise hydrographs were compared with the steady flow case of maximum peak discharge Q p =50 l/s and 55 l/s with T=8 h. The scour and dune-like depositional profiles developed at the end of peak-flow discharges are measured for all stepwise hydrographs (U1-U8 as given in Figure 3 ) with peak-flow velocities of (V a ) p =0.266 m/s and (V a ) p =0.286 m/s corresponding to Q p =50 l/s and Q p =55 l/s, respectively, but different time to peak values of t p = 240, 320, 360, and 420 minutes.
The final (end) scour depths for almost all unsteady tests are less than the maximum scour depths for the steady flow conditions (Figure 13a ). Similar to steady flow conditions, higher flow intensities or peak discharge values (Q p ) cause higher maximum scour depths in unsteady flow conditions. In addition, effect of time to peak D r a f t discharge, t p , on the maximum scour depth was limited for all cases. As expected, effect of t p on scour depth evolution is not of great importance as similar in the studies on pier scour under flood waves (Chang et al. 2004, Schillinger and Khan, 2013) . Experimental results indicate that multiple smaller flood events do not cause greater scour depth than the larger flood events that cause equilibrium scour depths. Figure 13b shows that for all stepwise hydrographs studied in the unsteady flow conditions the location of the maximum scour depths are slightly less than the scour depths obtained from the steady flow cases.
Profiles of dune-like bed forms along the downstream of the bridge deck are also measured in the unsteady flow conditions. Variations of t p /T with maximum deposition height normalized by bridge opening height (i.e 
Conclusions
An experimental study were conducted using various experimental combinations with the duration up to 32 h to investigate the temporal variation scour progress and downstream sediment deposition in steady flow conditions. 5) The scour depths for almost all unsteady tests are less than the maximum scour depths obtained from the steady flow conditions. Effect of time to peak t p on scour development is limited in unsteady flow conditions.
The maximum deposition height locations are 10-30% less in unsteady cases when compared with the steady cases. 
Notations
